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"Abstract 

' Asteroid sizes can be directly measured by observing occultations of stars by asteroids. When there are enough 
observations across the path of the shadow, the asteroid's projected silhouette can be reconstructed. Asteroid shape 
models derived from photometry by the lightcurve inversion method enable us to predict the orientation of an asteroid 
for the time of occultation. By scaling the shape model to fit the occultation chords, we can determine the asteroid 
^ize with a relative accuracy of typically ~ 10%. We combine shape and spin state models of 44 asteroids (14 of them 
are new or updated models) with the available occultation data to derive asteroid effective diameters. In many cases, 
occultations allow us to reject one of two possible pole solutions that were derived from photometry. We show that by 
combining results obtained from lightcurve inversion with occultation timings, we can obtain unique physical models of 
'asteroids. 
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1. Introduction 

' Occultations of stars by asteroids are relatively fre- 
[quent events systematically observed mainly by amateur 
astronomers. The projected silhouette of the occulting 
asteroid can be derived from accurate timings of the dis- 
appearance and reappearance of the star measured by sev- 
eral observers placed across the path of the shadow. Apart 
from a precise measurement of the relative astrometric po- 
sition of the star and the asteroid at the time of the event, 
the main scientific value of a well observed occultation 
is the direct and relatively accurate measurement of the 
asteroid's dimension. Asteroid sizes derived from occulta- 
tions can serve as an independent check of values obtained 
by, e.g., thermal radiometric observations. From the diam- 
eter and the absolute ma gnitude of an asteroid, we can de - 
rive its geometric albedo (jShevchenko and Tedescolliooeh . 



The number of observed occultations has increased dra- 
matically with the availability of high-accu racy star cata - 



logues based on the Hipparcos data (Dunham et al.l . 120021 ) 
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Nowadays, occultations can be predicted well in advance 
with sufficient accuracy. A further dramatic increase of 
the number of accurate predictions will come with the 
stellar catalogue based on the astrometric mission Gaia 
( Tanga and Delbcl . l2007t ). 

Over 1700 occultations have been observed so far. The 
majority of them were observed by less than three ob- 
servers and they do not provide any reliable silhouette es- 
timation. These occultations can yield only a lower limit 
of the asteroid size. However, there are several hundred 
occultation events with a sufficient number of well defined 
chords that provide enough data to reconstruct more or 
less accurately the projected silhouette. 

Until now, the usual final result of all reduced occul- 
tations was an ellipse fitting the projected silhouette and 
approximating the asteroid's dimensions. In a few cases, 
the occultation data were processed together with op- 
tical lightcurves in order to derive the asteroid's triax- 
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ial ellipsoid shape model dDrummond and CockeL Il989l : 



Dunham et all . Il990t [Sato et all Il993l |2000[) 



The reconstruction of a 3D shape model from several 
occultation 2D projections is possible in principle but still 
unrealized in practice due to the lack of data. On the other 
hand, there are more than one hundred asteroid shape 
models that have been derived i n the past decade by the 
lightcurve i nversion method of Kaasalainen and Torppa 



(|200ll ) and iKaasalainen et al.l (|200ir) . These models are 



archived in the Database of Asteroid Models fro m Inver- 
sion Techniques (DAMITfl (jPurech et al.l . l2010l) . 

The reliability of models derived by the lightcurve 
inversion technique has been confirmed by their com- 
parison with models obtained by radar or with di- 
rect spacecraft imaging and by laboratory experiments 



( Kaasalainen et al 



2003). Convex models are inevitably 
only approximations of real shapes and cannot provide us 
with shape details. However, the derived rotation peri- 
ods and spin directi ons have very good agre ement with 



independent results (jKaasalainen et al.l . 120011) . Using the 



model, the asteroid's orientation can be computed for the 
epoch of the occultation and the observed projection can 
be compared with the predicted silhouette of the model. 
The basic result of such combination of occultation data 
and shape models is that the models from lightcurve in- 
version can be calibrated to a bsolute dimensions of the 

Moreover, if we include 



asteroid (Timerson et al 



the occultation profile into the optimization procedure, we 
can refine the model and reveal shape details that are in 
principle unobtainable from lightcurves only. Lightcurve 
inversion provides unique solutions only for convex shapes, 
so occultations can help in detecting concavities. 

For this paper, we have selected more than forty such 
asteroids, that have lightcurve inversion models in DAMIT 
and also occultation observations that can be used for scal- 
ing the model. We also present ten new or updated models 
that we also scale using the occultation data. Although 
some multi-chord occultation data are of sufficient quality 
to enable us to carry out the full multi-data inversion with 
fitting not only the size but also the shape to the occul- 
tation data, we leave this for a forthcoming paper. We 
describe the data reduction and optimization process in 
Sect. [Hand we report our results in Sect. [31 

2. Data reduction and optimization 

2.1. Occultations 

During an occultation, the asteroid's shadow moves on 
the Earth's surface and observers within the occultation 
path measure the times of disappearance and reappear- 
ance of the occulted star. The negative reports from ob- 
servers outside of the path put limits on the dimensions 
of asteroid's cross-section. The duration of a typical event 
is from seconds to tens of seconds. If the observations are 



made visually, the reaction times of individual observers 
can involve significant systematic errors. 

The occultation data we use were taken mainly fro m the 
NASA PDS database (jDunham and Heraldl . l2009l ) that 
contains data up to 2008. More recent occultation data 
were provided directly by the International Occultation 
Timing Association (lOTAjl, by the Asteroidal Occulta- 
tion Observers in EuropeH, by the Occultation Section of 
the Royal Astronomical Society of New Zealandj, and 
by Japanese observers of asteroidal occultationt|£|. The 
data were p rocessed in the s t andar d way described, for 
example, by Millis and Elliot ( 1979f) or IWasserman et al 



1979 ) . Here we follow the notation used by IKaasalainen 



Each observed time of disappearance and reappearance 
defines a point on the limb of the asteroid. We define 
the fundamental plane that passes through the center of 
the Earth and is instantaneously perpendicular to the line 
connecting the star (assuming to be at infinity) and the 
center of the asteroid. Then the coordinate system rj) 
on the fundamental plane is defined by two unit vectors 



= (— sin (5 cos a, — sin 5 sin a, cos (5), 
Sri — (sin a, — cos a, 0), 



(1) 



where a and d are the right ascension and declination of 
the occulted star. For prediction purposes, it is impor- 
tant to use apparent coordinates of the star. However, 
for our purposes, the difference between the apparent and 
the mean position can be neglected and we use J2000.0 
coordinates. 

The geocentric coordinates of an observer are projected 
onto the fundamental plane 



(C,»7) = [s? • {x + AvAt),Sr, ■ (x + AvAt)], 



(2) 



where x is the observer's position on the 
Earth in the sidereal equatorial frame, x = 
{R cos ip cos 9, R cos (p sin 9, Rsinip), where R is the 
observer's distance from the Earth's center, ip is the 
geocentric latitude and 9 is the local sidereal time, Av 
denotes the differential space velocity WEarth — ^asteroid 
in the equatorial frame {Av is assumed to be constant 
during the occultation). At is the time of disappear- 
ance/reappearance measured from some epoch. If the 
At times for individual observations do not differ much 
(compared to the asteroid's rotation period) the points 
(^,?7) can be taken as a 'snapshot' of the asteroid's 
projection at the time At. This approximation is not 
needed in the analysis but we used it because the asteroids 
rotated by only a small number of degrees during the 
observations in most cases. Moreover, as we only scaled 



^http : // astro ■ tro j a .mf f . cuni . cz/pro j ects/asteroidsSD | 



^ http : //www . lunar-occult ations . com/lota/lotandx .htm| 
•^http : //www . euraster . net 

^ http : //occsec .wellington .net .nz/planet/plnreslt .html 

^http: //uchukan. satsumase ndai ■ jp/data/occult-e/occult-e .html | 



the models without actuahy modifying their shapes, this 
simpUfication is fully appropriate. 

The assumption of a linear differential space velocity 
made in Eq. © is appropriate if (i) the reference time is 
set so that At < 10 min, and (ii) all the observations were 
made from the same region of the world, which means 
that the individual timings At do not differ more than 
~ 10 min. This was fulfilled for all occultations we present 
in Sect. [31 The maximum relative difference between pro- 
jections computed according to Eq. ^ and those com- 
puted according to a more precise quadratic expression 



■ ( x + AvAt + ^Aij{At)'^ ) , 



• [x + AvAt+-Av {Aty 



(3) 



is only ~ 1 %, which is well below the accuracy we need. 

2.2. Shape models from lightcurve inversion 

The shape models of the asteroids used in this work were 
taken from DAMIT or derived from new observations (see 
Sect. [3]). All models were derived by the lightcurve inver- 
sion method described i n iKaasalainen and Torppa (|200ll) 
and IKaasalainen et al. ( 2001 ). They are convex polyhe- 
drons (the convexity is the property of almost all DAMIT 
models, but nonconvex models can be used as well) with 
triangular facets defined by radius vectors r of the sur- 
face points. Their orientation in space at any given time 
can be computed from the ecliptic longitude and latitude 
(Ap,/?p) of the spin axis direction (the z axis in the as- 
teroid Cartesian coordinate frame), the sidereal rotation 
period P and the initial rotation angle (pQ given for some 
epoch. The detailed description of the rotation matrices 
of the transformation fro m the asteroid body frame to the 
ecliptic frame is given bv lDurech et al. I (l201fll) . Thus, for a 
given time At of an occultation, we can project an aster- 
oid onto the fundamental plane. The radius vectors r are 
transformed to the equatorial coordinate system r^q- Then 
the projected coordinates (Cmod, '7mod) of the polyhedron 
vertices are 

(■fmod, ?7inod) = (Sj • fcq, Sjj ■ f^q) + (^0, Vo) , (4) 

where (^o, Vo) is some offset depending on the angular dis- 
tance between the star and the asteroid. The silhouette of 
a convex model is the convex hull of projected vertices. 

2.3. Scaling the model 

Although the lightcurve inversion models represent 
the global shape of asteroids well, they are not very 
detailed and usually do not re veal nonconvex features 
( Durech and KaasalainenL 120031 ). The complementary 
occultation data can add such details in the models. 
However, only a limited number of observed occulta- 
tions clearly reveal a distinct nonconvex feature (see 



Timerson et al. ( 20091 ) . for example). For most occulta- 
tions, the errors of individual chords are too large or the 
number of chords is too low to enable us to create a reliable 
nonconvex model. For these reasons, we fix the shape and 
only scale it as c • r to give the best fit to the occultation 
silhouette. Also the rotation parameters {\p, /3p,ipQ, P) 
are fixed on the values determined by lightcurve inversion. 
Thus the only free parameters are the scale c and the offset 
distances 7701 ^o- 

By changing c, 770, and we minimize the measure 



N 

E 



' Vj )occ (Ci J Vj)niodel] 



(5) 



where (Cj:'7j)occ are projections of observed timings onto 
the fundamental plane, (Cj: ''?j) model are intersections be- 
tween the projected asteroid's limb and the line going 
through the point (Cj,f7j)occ with the direction of occul- 
tation chord Sv (or —s^), and Uj are errors of (Cj TVj)occ- 
The Si, is a unit vector in the direction of the shadow 
movement on the fundamental plane. We use the JPL 
Horizonflfl ephemeris system to compute s^ of individual 
observers with respect to the asteroid. 

The main source of error affecting the occultation sil- 
houette points {£.j,ilj)occ is the timing of dis- and re- 
appearance of the star. Errors in timing propagate to er- 
rors in the position on the projection plane that are aligned 
in the direction of s*u . This is the reason why we minimize 
the difference between the model's silhouette and occulta- 
tion silhouette along Sy in Eq. ([S|). 

The errors aj are not always reported or even worse, 
are underestimated. So we often have to choose realis- 
tic values. This introduces a subjective aspect into the 
modelling process. Fortunately, the results derived in the 
next section are not too sensitive to the particular choice 
of weighting of individual observations. The uncertainty 
of timings becomes more important for short occultations 
- then the uncertainty of the size is dominated by tim- 
ing errors, not by errors introduced by too simple shape 
model. 

Timings determined visually are affected by observers' 
reaction times. When the star is relatively bright and easy 
to see, visual reaction times are less than ^ 1.5 s. For 
fainter stars, reaction times of 2 to 3 seconds are possible. 
Observers estimate their reaction times and correct the 
timing for this effect. However, systematic errors intro- 
duced by this effect are often present, as can be seen when 
a visual chord is compared with a nearby chord measured 
electronically. In many cases, the lengths of visual chords 
are correct, but they are significantly shifted in time with 
respect to the other chords. For this reason, we allowed 
visual chords to 'float' along the relative velocity vector 
Sy. This shift in the fundamental plane corresponds to the 
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shift Ar in timings. For visual observations, we modified 
Eq. @ to 

i^^v) = [ki^+^v{At+AT))J^-{x+Av{At+AT))], (6) 

where Ar are free parameters that are optimized to get the 
lowest x^- To avoid too large shifts in time, we include the 
penalty function 



2 _ 2 
Xncw X 



E 



Ar, 

7 



(7) 



where 7 is chosen subjectively to trade-off between the 
goodness of the fit and the magnitude of the time shift. 
Usually, Ar^ values of the order of tenths of second are 
sufficient. In some cases Ar^ are of the order of seconds. 

In principle, also some chords observed with video or 
CCD can be misplaced with respect to other chords due 
to bad absolute timing. Shifting such chords according 
to Eq. © would improve the fit but one has to be sure 
that the discrepancy with other chords is caused by bad 
timing, not by some real features of the shape. We applied 
the shift only to chords observed visually. 

3. Results 

In this section, we briefly describe all asteroids for which 
we scaled the shape models to fit the occultation data. We 
list all occultations used in our analysis in Table [TJ For 
each occultation event, we list the total number of chords 
-^totai we used (that can be lower than the number of ob- 
served chords because we sometimes reject clearly erro- 
neous chords) , the number of chords A^phot measured pho- 
toelectrically, using video, or CCD, the angle A0 of which 
the asteroid rotated during the occultation, the mean du- 
ration of the event imoan, and the reference to the paper 
where the occultation results were published. For each oc- 
cultation observed visually, the average absolute time shift 
|Ar[ of visual chords (Eq. [6]) is listed. Observations that 
report only one timing (disappearance or reappearance) 
are counted as individual chords. 

Table [5] lists all observers that participated in observa- 
tions of rece nt occultations that were no t included in the 
database of Dunham and Heraldl ( 20091 ). We list all ob- 
servers, including those that reported 'misses'. If some 
observer provided more than one chord, the number of 
chords is given in parentheses. 

In Table [31 we list the derived equivalent diameter D 
for each model (which is the diameter of a sphere with 
the same volume as the shape model) and their estimated 
errors, the ecliptic latitude Ap and longitude /3p of the 
pole direction, the sidereal rotation period P, the diame- 
ter ^Di2A^_derived from the IRAS infrared measurements 
bv iTedesco et al. (2004), the rms residual of the fit with 
visual chords allowed to move along the relative velocity 
vector (rmsi) and with visual chords fixed (rms2), and the 
reference to the paper where the original shape model was 
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Figure 1: Explanation of line types and symbols used in Figs. 



published. If one of the pole solutions is preferred, the cor- 
responding values are typeset in bold. We estimated the 
uncertainty of the equivalent size as twice the rms resid- 
ual of the fit. In cases where the errors in timing are 
the main source of uncertainty of the diameter (6 Hebe, 
for example), we estimated the uncertainty of the size by 
propagating the errors of timings. 

For asteroids that have known mass, we could compute 
the density. However, such density estimates would be 
biased, beacause the volume of a convex model is larger 
than the real volume of the asteroid. Therefore we do not 
provide any density estimations. 

In Figs. ElflSl we plot the projected asteroid silhouettes 
and the chords used for scaling the model. The meaning 
of different types of lines and curves is explained in Fig. [TJ 
If there are two possible pole solutions, one of the corre- 
sponding profiles (usually the one that gives a worse fit) is 
plotted with a dotted curve. Chords observed visually are 
plotted as dashed lines, others (observed by means of CCD 
or other photodetector) are plotted as solid lines. Dotted 
lines represent negative observations and dot-dashed lines 
represent observations that report only the duration of the 
event, not absolute timings. Such chords can be arbitrar- 
ily shifted in time along the relative velocity vector. If an 
observer reported only the beginning or the end of the oc- 
cultation, we plot it as an asterisk. Each plot contains also 
the time scale and the latitude of the sub-Earth point 6 for 
the time of occultation and corresponding model. If there 
are two models in one figure, the visual chords are plot- 
ted with shifts (Eq. [5]) corresponding to the solid-contour 
model. 

All shape models, spin parameters, and lightcurve data 
we present are available online in DAMIT. 
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(2) Pallas. The occultation of SAO 85009 by asteroid Pal- 
las in 29 May 1978 was one of the first successfully observed 
occultations with photoelectrically measured timings and 
a very good coverage of the whole projected silhouette. 
The next event in 29 May 1983 is the most densely covered 
occultation ever observed. More than one hundred chords 
were meas ured and the s i ze of Pallas was accurately de- 
termined (jPunham et all . Il990l) . The other three events with the adaptive optics images ()Marchis et all . |2006[ ). 



(8) Flora. Although iTorppa et "aD ()2003l ) give only one 
pole solution (160°, 16°), the mirror solution at (335°, —5°) 
fits the lightcurvcs equally well and gives a slightly better 
fit to the occultation chords (Fig. [7]). 



(9) Metis. Th e lightcurve in version led to two possible 
pole solutions ( Torppa et al. . [20031 ) , but only one agree d 



from 1985, 2001, and 2006 provide additional projection 
geometry. 

Two models of Pallas were derived by iTorppa et al 



( 20031 ). with the preference of the pole (35°, -12°). Be- 
cause the shape of Pallas is rather spherical and the oc- 
cultation did not reveal any distinct features, both models 
fit the chords almost equally well. However, only one pole 
solution is consiste nt with the adaptive optics images by 
Carry et al. ( 2010l ). They derived a nonconvex model of 
Pallas with the pole direction (30°, -16°) ± 5° and the 
equivalent diameter 512 ± 6 km, which is close to the di- 
ameter 539 ± 28 km derived from occultations (Fig. [2]). 



Schmidt et al.l ()2009l ) derived an ellipsoidal model of Pal- 
las from HST observations. The model has the equivalent 
diameter of 545 ±18 km, which is also consistent with our 
value. 

(3) Juno. The 11 December 1979 occultation event pro- 
vided excellent photoelectric measurements of 15 chords 
distributed over the whole projection. The second ob- 
served occultation on 24 May 2000 provided only four vi- 
sual chords and three of them were pla ced close together. 
The s hape model of Juno derived by iKaasalainen et aT 
(|2002b ) fits both occuhations well (Fig.©. 



(5) Astraea. A recent occultation by Astraea was observed 
in 6 June 2008 with the timings determined mainly vi- 
sually. From the tw o shape models that were derived by 
Durech et aLl(|2009l) . we can reject the pole (310°, 44°), be- 
cause the shape model with the pole direction (126°, 40°) 
clearly gives a better fit (Fig. |4]). 



f6) H ebe. The shape model derived by iTorppa et al 
agrees with the occultation data. However, scaling 
of the model is not very accurate, because the occultation 
duration was only a few seconds and all observations were 
visual (Fig. [S]). 



(7) Iris . The shape model derived by IKaasalainen et al 
(l2n02bh as well as its mirror solution can be scaled to fit the 
two occultations. The second occultation was short and 
there wer e large error s in th e visually determined timings 
(Fig. lOstro et al.l (|2010l) derived from radar observa- 
tions a shape models of Iris with the equivalent diameter 
of 208 ± 35 km and the pole direction A = 15 ± 5° and 
/3 = 25 ± 15° that is consistent with the first model of Iris 
in Table El 



The consistency of this shape model with the occulta- 
tio n chords from 1 2 Sep tember 2008 was demonstrated 
by iTimerson et al. (j2009h . In Fig. |8l we present the fit to 
four occultation events. 



(10) Hygiea. |h anus and DurechI (j2010[) derived two pos- 
sible models of Hygiea by lightcurve inversion of archived 
data and sparse photometry. Both models fit the occul- 
tation data similarly well, but with very different sizes of 
351km and 443 km (Fig. jS]). The dia meter deriv ed from 
IRAS measurements was 407 km (Te desco et all . 12004), 
which is closer to the second (less preferred) model in Ta- 
ble H 

fl6) Psyche. Onl y one o f the two models reported by 
Kaasalainen et aP (2002b) is consistent with the two oc- 
cultations observed in 2004 and 2010 (Fig. \TQ. For the 
occultation from 2004, one chord does not match with the 
model's profile. This may be caused either by an error in 
timing or by an error of the shape model. 



(17) Thetis. IPurech et all (|2009l) derived two models, but 
only one, with the pole direction (236°, 20°), gives a good 
match with the occultation chords (Fig. [TT|) . 

(22) Kalliope. O n e of the models derived by 
(|2002bl ) with the pole direction 



Kaasalainen et al. 



(196°, 3°) is con s istent with the satellite orbit analysis 
(|Descamps et al. , l2008l) and also with the occultation 
observed in 2006 (Fig. [T^]). H owever, the equ i valent 



diameter 166.2 ±2.8 km derived bv lPescamps et al. ( 200. 



is significantly larger than our value 143 ± 10 km. 

(28) Bellona. We derived two possible models from 
the Asteroid Photom etric Catalogue (APC) data 
( Laeerkvist et al.l . l200ll ). new observations (Table U]), 
and US Naval Observatory (USNO) sparse photometry 
downloaded from the Asteroids Dynamic Site0. Both 
models give similar fits to the data (Fig. |Ti 



(3i) C irce. Both shape models derived by iDurech et al 



(|20n9h are possible, because the four chords observed in 
2004 are grouped into two close pairs and do not allow us to 
select the correct pole. The two models differ significantly 
in the size fFig. lCT) . The formal error of the fit (and thus of 
the determined size) is only 4 km, but the real uncertainty 
in the size is at least ^ 10 km. 



^|http: //hamilton .dm .unipi ■ it/astdys/ 1 
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(39) Laetitia. The sh ape model derived by 
Kaasalainen et al. I (l2002bh agrees very weh with the 



observed silhouette fFig. [T5|). 



(41) D aphne. The model derived by iKaasalainen et al, 
IS consistent with the occultation silhouette 

(Fig. [111). 

(52) Europa. The pole direction (252° 38°) and the cor- 



respon ding shape model derived by iMichalowski et al, 
(l2004h is consistent with the AO image (jlVIarchis et al.l 
l2006r) and also with the two occultation events (Fig. [17]). 



(54) Alexandra. IWarner et al.l (|2008l ) derived two shape 
models. The model with the pole direction (318°, 23°) fits 
the chords better but the other pole solution (156°, 13°) 
cannot be rejected fFig. [T8|. 



(55) P andora. The shape model derived by iTorppa et al 
( 2003[ ) is consistent with the occultation chords (Fig. [TO]) . 



(63) Ausonia. The fit is not very good and there are only 
three chords observed in 2000, but the model with the 
pole (120°, —15°) fits much better than the second possible 
pole (305°, -21°) (Fig.[2ni)- The size determination is not 
very accurate, the formal error of 18 km given in Table [3] 
is only t he lowest limit. Ou r result is in agreement with 
results of iTanga et al.l (|2003l ) based on HST observations, 
who derived an ellipsoidal model of Ausonia with the pole 
direction (119°, —29°) and the equivalent diameter 87km. 

(64) Angelina. We derived a new model of asteroid An- 
gelina from the lightcurves in the AFC and sparse data 
from USNO. From the two pole solutions (137°, 14°) and 
(317°, 17°), the former one is preferred, because it fits the 
chords significantly better that the latter pole (Fig. I^T]) . 
The negative chord that intersects the silhouette was ob- 
served by two independent observers. The model has to be 
refined by further observations to match better with the 
occultation. The uncertainty of the size determination is 
likely to be larger than the formal value determined from 
the rms residuum. 

(68) Leto. The three chords observed during the occulta- 
tion in 1999 are not e nough to distinguish betwe en two pole 
solution derived by iHanus and Durech (I2OIOI) (Fig. [22). 
The size is not determined very accurately. 

(80) Sappho. The recently observed occultation clearly 
sh ows that only one o f the two shape solutions derived 
bv lDurech et al.l (|2009t ) is acceptable fFig. l^ . 



(85) lo. We de rived a new model th at slightly differs from 
that derived bv iTorppa et al. I (|2003h and that is in agree- 
ment with all four occultation events (Fig. [24]). The nega- 
tive observation that intersect the model's projection in 7 
December 2004 was made visually and is probably wrong. 



Thisbe. The mirror pole solution with the pole 
direction (72 ° , 60°) is preferred over that reported by 
iTorppa et al. (l2003l) . because it not only fits the chords 
well, but also does not overlap with the negative observa- 
tions (Fig. [55]). 



(89) Julia. We derived a new model of this asteroid from 
archived AFC data and sparse photometry from USNO. 
From three possible pole solutions derived from photome- 
try, only one is fully consistent with the occultation data 
(Fig.[ 



(95) Arethusa. From lightcurves only, we were not able to 
derive a unique model. Although the rotation period was 
determined uniquely, there were four different pole direc- 
tions and corresponding shapes that all fitted the photo- 
metric data equally well. However, when comparing the 
predicted profiles with the occultation from 2009, only one 
model with the pole direction (149°, 33°) was acceptable 
(Fig. [27]). 

(107) Camilla. The three chords observed during the oc- 
cultation in 2004 allowed only a rough scaling of an up- 
dated version of th e shape model derived originally by 
iTorppa et ail (|2003l ) (Fig. [2H])- 



(129) A ntigone. The projec tions of the shape model de- 



rived bv ITorppa et al. ( 200 



are consistent with the three 
occultations, but the size cannot be fitted well. The size 
that fits the two occultations from 1985 and 2001 well gives 
a poor fit to the third occultation form 2009 (Fig. [55]). 
When fitting only the first two occultations, the size is 
(118 ± 14) km, while the third event is fitted at best with 
the equivalent size (148±ll)km. This incons istency might 



be cau sed by albedo variegation (reported bv ITorppa et al 
( 2003h ) - the real shape is different from the model that 



assumes that albedo distribution on the surface is uniform. 



(130) Elektra. The shape model derived bv iDurech et al 
agrees well with the six chords observed in 2010 
(Fig. [SO])- The model is al so consistent with th e adaptive 
optics images obtained by iMarchis et al. I (I2OO6I) . 



(152) Atala. A preliminary model was derived by 

Durech et al. ( 2009f ) with two possible spin/shape solu- 
tions. Only one model is consistent with the occultation 
data (Fig. I5T]) . One negative report intersects the model 
projection at one end. Modifying the model slightly should 
solve this inconsistency. 

(158) Kor onis. From two po ssible spin vector solutions 
derived by ISlivan et al.l (|20 03^ , only one is consistent with 
the occultation chords fFig. [32]) . However, even this model 
fails to fit the northernmost chord that is longer than the 
shape model. 
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(165) Loreley. We derived a new model of Loreley with 
two possible pole directions (174°, 29°) and (348°, 42°). 
Only the first pole solution and the corresponding model is 
consistent with the occultation data (Fig. [M]). This ne w 



model is different from that published by iDurech et al 
(2003). 



(167) Urda. One of the pole solutions gives a better fit, 
but the rival pole cannot be rejected (Fig. IM)) . The neg- 
ative chord that intersects the model profile at one end 
was observed visually. The size determination is not very 
accurate. 

(208) Lacrimosa. The four chords do not enable us to 
clearly reject one of the two possible pole solutions, al- 
though the pole (176°, -68°) is preferred (Fig.ES]). 

(276) Adelheid. Only three chords, two of them very close 
to each other, cannot distinguish between two shape mod- 
els fFig. Both models fit the occultation equally well. 



(302) Clarissa. iHanus and DurechI (|2010[) derived a very 
elongated shape model of Clarissa. Both pole solutions 
are consistent with the occultation observed in 2004, one 
of them fitting very well (Fig. [37]). Although the chords 
were observed using video, the reported timing errors are 
of tenths of second. 



(306) Unitas. iDurech et al.' ('2009') derived two possible 
shape models. Delbo and Tanga (2009) showed that one 
of them - with the pole direction (79°, —35°) - was much 
more consistent with the thermal infrared measurements 
made by IRAS. They also derived the effective diameter 
55 — 57 km. This is also confirmed by the occultation data 
(Fig. I55)) . because the profile corresponding to this pole 
does not intersect with the negative chord. 



(372) Palma. iHanus and DurechI (|2010t ) derived two pos- 
sible shape models of Palma with the pole directions 
(221°, -47°) and (44°, 17°). The first shape model seems 
to be consistent with most of the chords observed dur- 
ing two occultations in 2007 and 2009 (Fig. [SS]), but the 
southernmost chord from the 2007 event lies far outside 
the projected best-fit contour of the model. The second 
model fits well the southernmost chord from 2007, but its 
fit to the rest of the chords is slightly worse than for the 
first model. 

(409) Aspasia. With six successfully observed occulta- 
tions, Aspasia has the highest number of occ ultation events 
in our set. From the two models derived bv I Warner et al" 
(|2009t ). the one with the pole direction (3°, 30°) fits the 
chords observed during two events in 2008 clearly better 
than the second pole fFig. 1401) . 

(4-71) Papaqena. F r om th e two possible models derived by 
Hanus and Durech ( 2010f ). only one is consistent with the 
occultation observed in 1987 (Fig. HT|) . 



(747) Winche ste r. W e updated the model by 
Marciniak et al. (l2009l) with new observations by 
F. Pilcher and A. Galad (Table |3]). Lightcurve inversion 
yields two pole directions. The second pole solution 
(172°, —36°) can be rejected, because the shape projec- 
tion for this pole fits the occultation data significantly 
worse than the pole (304°, -60°) (Fig. |42]). 

(849) Ara. Only one model, out of the two derived by 
iMarciniak et al. ( 20091 ). is consistent with the occultation 
(Fig.[ 



(925) Alphonsina. Hanus and Durech ( 2010l ) derived 



new model from combined sparse and dense photometry. 
Although both occultations suffer from large errors in tim- 
ings, only one of the pole solutions derived from photom- 
etry is consistent with the occultations (Fig. 



(1263) Varsavia. We derived two new models from USNO 
sparse photometry but only one was consistent with the 
occultation data (Fig. H5)) . 

4. Conclusions 

By combining asteroid shape models derived from pho- 
tometry with the occultation data, we can obtain unique 
physical models of asteroids. Lightcurve data enable us 
to derive asteroid shape and spin state and the occulta- 
tions are used for scaling the shape and for solving the 
pole ambiguity. As can be seen from Table [3j the uncer- 
tainty of the effective diameter determination is ^ 5 % for 
the best cases with many accurate chords, 10 % for a 
typical occultation, and '~ 20 % for occultations with only 
a few chords. Contrary to other indirect methods for as- 
teroid size determination, occultation timings are direct 
'measurements' of asteroid dimensions. 

The number of successfully observed occultations with 
many chords steadily grows as does the accuracy of timings 
- observers routinely use video or CCD techniques and the 
timings are more accurate and free of reaction times. The 
use of automatic observing stations equipped with a small 
telescope will revolutionize the w ay asteroidal occultations 
are observed jDege nhardtl . 20091 ). Asteroidal occultations 
are no longer 'sporadic' events, rather they are system- 
atic and reliable astronomical measurements. With the 
increasing number of asteroid models and successfully ob- 
served occultations, we expect that the scaling of models 
derived by lightcurve inversion using occultations will be- 
come routine. 
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List of occultations 



Asteroid Date iVtotai A^phot t,„can |Ar| [s] Reference 











[deg] 


[s] 


model 1 


model 2 




2 Pallas 


1978/05/29 


8 


8 


2.6 


30.1 






Wasserman et al. fl979) 




1983/05/29 


121 


18 


2.5 


34.4 


0.24 




Dunham et al. ( 1990) 




1985/10/24 


3 





0.4 


27.9 


0.02 




Stamm (1985) 




2001/06/09 


3 


3 


0.8 


25.1 










2006/06/12 


4 


4 


0.5 


35.4 








3 Juno 


1979/12/11 


17 


14 


13.6 


57.6 


1.42 




Millis et al. ('19811 




2000/05/24 


5 





0.6 


17.0 


0.19 






5 Astraea 


2008/06/06 


13 


3 


0.3 


13.8 


0.11 


0.23 




6 Hebe 


1977/03/05 


5 





0.1 


3.3 


0.12 




Tavlor and Dunham fl978') 


7 Iris 


2005/02/17 


4 





0.1 


7.2 


0.20 


0.12 






2006/05/05 


4 


1 


0.1 


4.2 


0.59 


0.54 


ThomDSon and Yeelin ("2006") 


8 Flora 


2004/10/29 


7 


6 


0.1 


6.2 


0.03 


0.27 


Dunham C2005) 


9 Metis 


1984/02/19 


8 


1 


1.2 


16.6 


0.98 




Kristensen f 19841 




1989/08/06 


5 


1 


3.2 


12.7 


0.31 




Stamm (1989) 




2001/09/07 


7 


5 


0.2 


3.1 


0.07 




Dunham ("2002) 




2008/09/12 


20 


15 


1.8 


35.5 


0.67 




Timerson et al. ('20091 


10 Hygiea 


2002/09/07 


8 


6 


1.9 


110.1 


0.66 


2.17 




16 Psyche 


2004/05/16 


4 


1 


0.7 


12.9 


0.15 


0.30 






2010/08/21 


14 


14 


1.9 


7.1 








17 Thetis 


2007/04/21 


16 


9 


0.6 


6.0 


0.59 


0.46 


Koschnv et al. C20091 


22 Kalliope 


2006/11/07 


8 


5 


1.4 


24.2 


0.53 




Soma et al. C20071 


28 Bellona 


2002/05/05 


8 


4 


0.7 


8.1 


0.47 


0.54 




34 Circe 


2004/02/10 


4 


4 


0.4 


29.1 








39 Laetitia 


1998/03/21 


19 


2 


1.4 


9.7 


0.37 




Dunham f 19991 


41 Daphne 


1999/07/02 


16 


3 


3.6 


32.7 


0.50 




Dunham et al. (20021 


52 Europa 


1983/04/26 


10 


2 


0.8 


9.5 


0.47 








2005/12/03 


12 


10 


0.4 


6.7 


0.08 






54 Alexandra 


2005/05/17 


11 


6 


10.3 


41.7 


0.22 


0.04 


Dunham C20061 


55 Pandora 


2007/02/18 


9 


5 


3.0 


3.8 


0.63 






63 Ausonia 


2000/12/22 


3 


3 


0.2 


2.3 








64 Angelina 


2004/07/03 


6 


6 


0.0 


1.2 








68 Leto 


1999/05/23 


3 


1 


0.1 


5.5 


0.10 


0.19 




80 Sappho 


2010/06/04 


11 


9 


1.0 


5.6 


0.94 


0.24 




85 lo 


1995/12/10 


8 





3.7 


15.6 


0.30 




Dunham (19981 




2004/12/07 


5 


4 


0.7 


13.8 


0.36 








2004/12/12 


15 


9 


1.4 


12.2 


0.10 








2005/05/15 


2 


2 


0.1 


4.3 








88 Thisbe 


1981/10/07 


12 





1.2 


9.8 


0.32 


0.35 


Millis et al. (19831 




2007/02/21 


6 


3 


3.7 


14.0 


0.52 


0.85 




89 Juha 


2005/08/13 


6 


1 


1.9 


7.6 


0.06 








2006/12/04 


4 


4 


0.2 


9.0 








95 Arethusa 


2009/03/07 


8 


5 


0.6 


8.5 


0.29 






107 Camilla 


2004/09/05 


3 


3 


1.3 


12.3 








129 Antigone 


1985/04/11 


5 


3 


4.0 


69.5 


6.75 




Wasserman et al. fl986l 




2001/09/09 


5 





2.5 


8.4 


0.23 








2009/02/13 


4 


4 


1.8 


7.9 








130 Elektra 


2010/02/20 


7 


6 


0.7 


11.7 








152 Atala 


2006/05/07 


8 


5 


7.5 


3.3 


0.69 


0.75 




158 Koronis 


2005/12/13 


7 


4 


0.1 


1.4 


0.10 


0.12 




165 Loreley 


2009/06/29 


5 


4 


0.6 


33.0 


0.29 


0.08 




167 Urda 


2001/07/23 


3 


2 


0.1 


3.3 


0.08 


0.01 




208 Lacrimosa 


2003/12/31 


5 


2 


0.2 


4.6 


0.14 


0.30 




276 Adelheid 


2002/03/09 


3 


1 


1.3 


5.7 


0.41 


0.45 
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List of occultations 



Asteroid 


Date 


-^total 


■^phot 


[deg] 


^mean 

[s] 


model 1 


model 2 


Reference 


302 Clarissa 


2004/06/24 


3 


3 


0.1 


2.7 








306 Unitas 


2004/07/06 


5 


4 


0.9 


8.0 


0.94 


1.10 




372 Palma 


2007/01/26 


21 


11 


3.0 


10.8 


0.14 


0.23 






2009/09/10 


4 


3 


0.6 


8.2 


0.07 


0.13 




409 Aspasia 


2005/09/29 


2 


2 


0.1 


3.0 










2006/10/08 


7 


7 


0.8 


10.3 










2006/12/20 


3 


2 


0.4 


9.6 


0.48 


0.38 






2008/02/05 


5 


3 


0.9 


20.8 


0.50 


0.22 






2008/02/12 


10 


10 


2.8 


31.4 










2009/02/06 


2 


2 


0.7 


9.0 








471 Papagena 


1987/01/24 


5 


2 


3.3 


17.7 


0.84 


0.37 




747 Winchester 


2008/05/01 


9 


6 


0.8 


11.7 


0.25 


0.37 






2009/09/05 


6 


5 


1.3 


16.9 








849 Ara 


2009/01/27 


7 


4 


0.6 


1.6 


0.75 


0.34 




925 Alphonsina 


2003/12/15 


7 


7 


0.6 


5.5 










2003/12/22 


27 


12 


1.8 


3.9 


0.46 


0.69 




12G3 \'a,rs;u ia 


2003/07/18 


31 


20 


1.4 


l.G 


0.04 


0.04 





Tabic 1: List of occultations used for deriving asteroid sizes. Here 
-^totai is the total number of chords used for fitting, A^phot is the 
number of chords observed by means of a photometric detector, 
video, or CCD, Acf) is the angle of asteroid's rotation between the 
first and the last reported timings, and fmean is the the mean du- 
ration of occupation. For each occupation observed visually, the 
average absolute time shift |At| of visual chords is listed. 
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List of observers 



(5) Astraea 2008-06-06 

T. Jam'k, CZ 
Z. Moravec, CZ 
H. Raab, AT 
V. Ccjka, CZ 
J. Manek, CZ 

F. Lomoz, CZ 
J. Jindra, CZ 

P. Kusnirak, CZ 
J. Urban, CZ 

R. Piffl & T. Maruska & I. Majchrovic, AT 
M. Antos, CZ 

G. Dangl, AT 
J. Diircch, CZ 
P. Zeleny, CZ 
J. Mocek, CZ 
M. Krocil, CZ 
M. Kapka, SK 

D. Kapetanakis, GR 

H. Dcnzau, DE 
J. Kopplin, DE 

(16) Psyche 2010-08-21 

J. Brooks, Winchester, VA, USA 
S. Conard, Gamber, MD, USA 
D. Dunham, Seymour, TX, USA (5) 
A. Scheck, ScaggsvUle, MD, USA 

C. EUington, Highland Village, TX, USA 
P. Malcy, Annctta South, TX, USA 

R. Tatum, Richmond, VA, USA 

P. Maley, Godley, TX, USA 

H. & K. Abramson, Mechanicsville, VA, USA 

D. Caton, Boone, NC, USA 

E. Iverson, Athens, TX, USA 

R. Suggs & B. Cooke, Huntsvillc, AL, USA 
J. Faircloth, Kinston, NC, USA 

(80) Sappho 2010-06-04 

P. Bhtwhistle, UK 
C. Ratinaud, FR 
T. Haymes, UK 
J. Lecacheux, FR 
G. Regheere, FR 
O. Dechambrc FR 

F. Vachier & S. Vaillant & J. Berthier, FR 
T. Midavaine, FR 

E. Bredner & F. Colas, FR 

A. Leroy & S. Bouley & R. Palmade & G. Canaud, FR 
E. Frappa, FR 

G. Bonatti & D. Del Vecchio, IT 

P. Baruffetti & A. Bughani & G. Tonlorenzi, IT 

(95) Arethusa 2009-03-07 

A. Carcich, Wantage, NJ, USA 

W. Rauscher, Doylestown, PA, USA 
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List of observers 



G. Nason, West Lorne, ON, Canada 
R. Saudcr, Narvon, PA, USA 

S. Conard, Gamber, MD, USA 
B. Huxtable, Gambrills, MD, USA 
D. Dunham, MD & VA, USA (3) 

H. Abramson, Smithfield, VA, USA 

(129) Antigone 2009-02-13 

R. Cadmus, Grinnell, lA, USA 

A. Carcich, Lacey, NJ, USA 

S. Messner, Morning Sun, lA, USA 
D. Dunham, Glen Rock, PA, USA 
S. Conard, Gamber, MD, USA 

B. Huxtable,Gambrills, MD, USA 
A. Olsen, Urbana, IL, USA 

(130) Elektra 2010-02-20 

A. EUiott, UK 

C. Ratinaud, FR 
R. Miles, UK 

M. Cole, UK 

A. Pratt, UK 

P. Birtwhistle, UK 

T. Haymes, UK 

J.-M. Winkel, NL 

R. & E. Simonson, UK 

G. Rousseau, FR 

(165) Loreley 2009-06-29 

R. Peterson, Scottsdale, AZ, USA 
W. Morgan, Wilton, CA, USA 

D. Machholz, Colfax, CA, USA 

D. Dunham, Blue Canyon, CA & NV, USA (3) 

(372) Palma 2009-09-10 

D. Herald, Kambah, ACT, AU 

H. Pavlov, Marsfield, AU 

D. Gault, Hawkesbury Heights, AU 

J. Broughton, Reedy Creek, QLD, AU 
C. Wyatt, Walcha, NSW, AU 
J. Bradshaw, Samford, QLD, AU 

(409) Aspasia 2008-02-05 

C. Ninct, FR 
M. Boutct, FR 
J. Sanchez, FR 
G. Faurc. FR 

E. Frappa, FR 
S. Bolzoni, IT 
S. Sposetti, CH 
G. Sbarufatti, IT 
R. Di Luca, IT 

(409) Aspasia 2008-02-12 

J. Denis, FR 
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List of observers 



T. Flatres & J.-J. Sacre, FR 
M. Jennings, UK 
P. Baudouin, FR 
M. Audejean, FR 

0. Dechambrc, FR 

B. Christophe, FR 

T. Midavaine, J. Langlois, FR 

D. Fiel, FR 

A. Leroy & G. Canaud, FR 
J. Lecacheux, FR 

E. Frappa, FR 

F. Van Den Abbeel, BE 

C. Gros, FR 

E. Bredner, FR 

C. Demeautis & D. Matter, FR 
S. Bolzoni, IT 

A. Manna, CH 
S. Klett, CH 
S. Sposetti, CH 
M. Pari, DE 
P. Corelli, IT 
R. Di Luca, IT 

(409) Aspasia 2009-02-06 

D. Snyder, Bisbee, AZ, USA 

P. Sada, Observatorio UDEM, Mexico 

(747) Winchester 2008-05-01 

D. Koschny, NL 
H. De Groot, NL 
A. Scholten, NL 
H. Rutten, NL 
M. Rain, DE 

E. Frappa & A. Klotz, FR 
H. Bill & M. Jung, DE 

J. MiiUer & U. Appel, DE 
W. Rothe, DE 

1. Majchrovic & R. Piffl, SK 
A. Galad, SK 

T. Pauwels & P. De Cat, BE 

(747) Winchester 2009-09-05 
D. Gault, Macquaric Woods, NSW, AU 
J. Broughton, Reedy Creek, QLD, AU 
D. Lowe, Leyburn, QLD, AU 
S. Quirk, Mudgee, NSW, AU 
P. Pureell, Weston Creek, ACT, AU 
D. Herald, ACT, AU (2) 

C. Wyatt, Narrabri, NSW, AU 

J. Betts, Hawkcsbury Heights, NSW, AU 
S. Russell, Orange, NSW, AU 

(849) Ara 2009-01-27 
R. Stanton, Three Rivers, CA, USA 

D. Breit, Morgan Hill, CA, USA 
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List of observers 



R. Royer, SpringviUe, CA, USA 

R. Nolthenius, Cabrillo College, CA, USA 

B. Stine, Weldon, CA, USA 

R. Peterson, AZ, USA (2) 

Table 2: List of observers who participated in observations pre- 
se nted in Table [J that w e re not included in the database published 



by iDunham and Herald (l2009l) . If some observer provided more 



than one chord, the number of chords is given in parentheses. 
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List of results 



Asteroid 


D 






P 


-DiRAS 


rmsi 


rmS2 


Reference 




[km] 


[deg] 


[deg] 


[hr] 


[km] 


[km] 


[km] 




2 Pallas 


539 ± 28 


35 


-12 


7.81323 


498 ± 19 


14.2 


16.6 


TorDDa et al. (2003) 


3 Juno 


252 ±29 


103 


27 


7.209531 


234 ± 11 


14.3 


17.4 


Kaasalainen et al. f2002b~) 


5 Astraea 


115±6 


126 


40 


16.80061 


119±7 


3.2 


3.4 


Durech et al. f2009) 


6 Hebe 


180 ±40 


340 


42 


7.274471 


185 ±3 


7.7 


9.5 


TorpDa et al. f2003') 


7 Iris 


198 ±27 


20 


14 


7.138840 


200 ± 10 


13.7 


26.2 


Kaasalainen et al. ('2002b") 




199 ±26 


199 


-2 






13.2 


27.7 




8 Flora 


141 ±10 


155 


6 


12.86667 


136 ±2 


4.8 


5.1 


TorDDa et al. f2003) 




140 ±7 


335 


5 






3.7 


3.8 




9 Metis 


169 ±20 


180 


22 


5.079176 




10.2 


12.4 


TorDDa et al. ( 2003) 


















Timerson et al. f2009) 


10 Hygiea 


351±27 


122 


-44 


27.65905 


407 ±7 


13.8 


14.0 


Hanus and Durech f2010l 




443 ± 45 


312 


-42 






22.5 


24.1 




16 Psyche 


225 ±20 


33 


-7 


4.195948 


253 ±4 


10.0 


11.1 


Kaasalainen et al. f2002b") 




225 ±36 


213 


1 






17.8 


18.0 




17 Thetis 


77 ±8 


236 


20 


12.26603 


90 ±4 


4.0 


6.1 


Durech et al. ('2009) 


22 Kalliope 


143 ±10 


196 


3 


4.148200 


181 ±5 


5.1 


5.7 


Kaasalainen et al. f2002b) 


28 Bellona 


97±11 


282 


6 


15.70785 


121 ±3 


5.4 


5.8 


this work 




100 ±10 


102 


-8 






5.1 


6.1 




34 Circe 


96 ±10 


94 


35 


12.17458 


114±3 


1.8 




Durech et al. f2009) 




107±10 


275 


51 






2.0 






39 Laetitia 


163 ±12 


323 


32 


5.138238 


150 ±9 


6.2 


14.4 


Kaasalainen et al. ('2002b) 


41 Daphne 


187 ±20 


198 


-32 


5.98798 


174 ±12 


10.2 


11.0 


Kaasalainen et al. ('2002a) 


52 Europa 


293 ± 30 


251 


35 


5.629958 


303 ±5 


14.9 


16.5 


Michalowski et al. ( 2004) 


54 Alexandra 


135 ±20 


156 


13 


7.022641 


166 ±3 


10.1 


10.1 


Warner et al. C2008) 




142 ±9 


318 


23 


7.022649 




4.7 


4.9 




55 Pandora 


70 ±7 


223 


18 


4.804043 


67 ±3 


3.3 


6.0 


TorDDa et al. f2003) 


63 Ausonia 


90 ±18 


120 


-15 


9.29759 


103 ±2 


8.9 




TorDDa et al. f2003) 


64 Angelina 


51 ± 10 


317 


17 


8.75032 




5.1 




this work 




52 ±10 


137 


14 






2.7 






68 Leto 


148 ±25 


103 


43 


14.84547 


123 ±5 


6.5 


8.3 


Hanus and Durech (2010) 




151 ±25 


290 


23 






12.6 


15.9 




80 Sappho 


67±11 


194 


-26 


14.03087 


78 ±2 


5.6 


8.1 


Durech et al. f2009) 


85 lo 


163 ±15 


95 


-65 


6.874783 


155 ±4 


7.4 


7.9 


this work 


88 Thisbe 


204 ±14 


72 


60 


6.04131 


201 ±5 


7.1 


12.5 


this work 




220 ±16 


247 


50 






6.5 


13.9 


TorDDa et al. f2003) 


89 Julia 


140 ± 10 


8 


-13 


11.38834 


151 ±3 


4.8 


5.0 


this work 


95 Arethusa 


147 ±32 


149 


33 


8.70221 


136 ± 10 


15.8 


18.7 


this work 


107 CamiUa 


214 ±28 


73 


54 


4.843928 


223 ± 17 


14.2 




TorDDa et al. f2003) 


129 Antigone 


118± 19 


207 


58 


4.957154 




9.4 


10.7 


TorDDa et al. ( 2003) 


130 Elektra 


191 ±14 


64 


-88 


5.224664 


182 ± 12 


7.2 




Durech et al. (2007) 


152 Atala 


65 ±8 


347 


47 


6.24472 




3.9 


9.3 


Durech et al (2009) 


158 Koronis 


38 ±5 


30 


-64 


14.20569 


35 ±1 


1.7 


2.4 


Slivan et al. ('2003) 


165 Loreley 


171 ±8 


174 


29 


7.224387 


155 ±5 


3.9 


4.2 


this work 


167 Urda 


51 ±15 


107 


-69 


13.06133 


40 ±2 


1.2 


2.0 


Slivan et al. f2003) 




44 ±15 


249 


68 






1.1 


1.4 


Warner et al. f2008) 


208 Lacrimosa 


45 ± 10 


20 


—75 


14.0769 


41 ± 2 


6.7 


5.6 


Slivan et al. (2003) 




45 ±10 


176 


68 






1.7 


2.4 




276 Adelheid 


125±15 


9 


-4 


6.31920 


122 ±8 


5.0 


8.9 


Marciniak et al. (2007) 




117±15 


199 


-20 






4.8 


9.5 




302 Clarissa 


43 ±4 


28 


-72 


14.47670 


39 ±3 


2.0 




Hanus and Durech C2010) 




43 ±11 


190 


-72 






5.5 






306 Unitas 


49 ±5 


79 


35 


8.73875 


47 ±2 


1.4 


2.7 


Durech et al. (2009) 




53 ±5 


253 


-17 






1.6 


3.2 
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List of results 



Asteroid 


D 






P 


-DiRAS 


rmsi 


rmS2 


Reference 




[km] 


[deg] 


[deg] 


M 


[km] 


[km] 


[km] 




372 Palma 


187 ±20 


221 


-47 


8.58189 


189 ±3 


10.1 


10.6 


Hanus and Durech (2010) 




1 no 1 o£? 

198 ± 2d 


A A 

44 


1 ''7 

17 


8.58191 




loo 

13.2 


1 o o 

13.8 




409 Aspasia 


173 ±17 


3 


30 


9.02145 


162 ±7 


8.7 


10.5 


Warner et al. f2008) 


471 Papagena 


137 ±25 


223 


67 


7.11539 


134 ±5 


12.4 


15.5 


Hanus and Durech ('2010) 


747 Winchester 


171 ±15 


304 


-60 


9.41480 


172 ±3 


7.6 


8.3 


Marciniak et al. (2009) 


















this work 


849 Ara 


76 ±14 


223 


-40 


4.116391 


62 ±3 


7.0 


17.8 


Marciniak ct al. (2009J 


925 Alphonsina 


58 ±16 


294 


41 


7.87754 


54±3 


8.0 


11.5 


Hanus and Durech. (2010) 


1263 Varsavia 


41 ±8 


341 


-14 


7.16495 


49 ±1 


3.9 


4.0 


this work 



Table 3: The table lists the equivalent diameter D with its esti- 
mated uncertainty, the spin vector ecliptic coordinates Ap and /3p, 
the sidereal rotation period P, the diameter Diras der ived from 
the IRAS infrared measurements bv lTedesco et al.l (|2004l ). the rms 
residual of the fit with visual chords allowed to move along the rela- 
tive velocity vector (rmsi) and with visual chords fixed (rms2), and 
the reference to the paper, where the original shape model was pub- 
lished. If one of two possible pole directions and the corresponding 
shape model is preferred, it is printed in bold font. 
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Aspect data for new observations 



Date 




r 

[AU] 


A 

[AU] 


a 

[dcg] 


A 

[dci 


?] 


P 
[deg] 


Observer 














(28) Bellona 










2007 


04 


28, 


.2 


2, 


,635 


1.684 


9.0 


196, 


.8 


12, 


.8 


Warner 


2007 


04 


29, 


.3 


2, 


,637 


1.690 


9.4 


196, 


,6 


12, 


.8 


Warner 


2007 


05 


04, 


.3 


2, 


,644 


1.723 


11.0 


195, 


.8 


12, 


.8 


Warner 


2007 


05 


10, 


.2 


2, 


.653 


1.770 


13.0 


195, 


.0 


12, 


.6 


Warner 


2008 


06 


06, 


.3 


3, 


,143 


2.297 


12.0 


295, 


,0 


8, 


.5 


Pilcher 


2008 


06 


07, 


.3 


3, 


.144 


2.288 


11.7 


294, 


.9 


8, 


.5 


Pilcher 


2008 


06 


10, 


.3 


3, 


.146 


2.265 


10.9 


294, 


.5 


8, 


.6 


Pilcher 


2008 


06 


14, 


.3 


3, 


,148 


2.237 


9.7 


293, 


,9 


8, 


.6 


Pilcher 


2008 


06 


24, 


.3 


3, 


.154 


2.184 


6.6 


292, 


.2 


8, 


.5 


Pilcher 


2008 


07 


02, 


.3 


3, 


.159 


2.160 


4.2 


290, 


.6 


8, 


.3 


Pilcher 


2008 


07 


06, 


.3 


3, 


,161 


2.154 


3.1 


289, 


,8 


8, 


.2 


Pilcher 


2008 


08 


02, 


,2 


3, 


.174 


2.234 


8.3 


284, 


.4 


7, 


.1 


Pilcher 


2010 


12 


16, 


.4 


2, 


.385 


1.517 


14.0 


118, 


.9 


-9, 


.4 


Pilcher 


2010 


12 


19, 


.3 


2, 


,383 


1.495 


12.9 


118, 


,5 


-9, 


.4 


Pilcher 


2010 


12 


22, 


,4 


2, 


.382 


1.474 


11.6 


118, 


.1 


-9, 


.3 


Pilcher 














(747) Winchester 










2008 


05 


09, 


.3 


3, 


,949 


3.031 


7.0 


246, 


,7 


22 


.3 


Pilcher 


2008 


05 


12, 


.3 


3, 


.946 


3.015 


6.5 


246, 


.1 


22, 


.4 


Pilcher 


2008 


05 


13, 


.3 


3, 


.945 


3.011 


6.4 


245, 


.9 


22, 


.4 


Pilcher 


2008 


05 


26, 


.3 


3, 


,932 


2.976 


5.6 


243, 


,3 


22 


.4 


Pilcher 


2008 


05 


27, 


.9 


3, 


.930 


2.975 


5.7 


243, 


.0 


22, 


.3 


Galad 


2008 


05 


28, 


.9 


3, 


.929 


2.975 


5.7 


242, 


.8 


22, 


.3 


Galad 


2008 


05 


29, 


.9 


3, 


,928 


2.975 


5.8 


242, 


,6 


22, 


.3 


Galad 


2008 


05 


30, 


.9 


3, 


.927 


2.975 


5.9 


242, 


.4 


22, 


.2 


Galad 



Table 4: The table lists asteroid distance from the Sun r, from 

the Earth A, the solar phase angle a, and the geocentric ecliptic 
coordinates of the asteroid (A, 



18 



2 Pallas 1978/05/29 



2 Pallas 1983/05/29 



2 Pallas 1985/10/24 





-200 -100 100 200 300 

ri [km] 



-300 -200 -100 100 200 300 
11 [km] 



-300 -200 -100 100 200 300 
11 [km] 



2 Pallas 2001/06/09 



2 Pallas 2006/06/12 





-300 -200 -100 100 200 300 
11 [km] 



-300 -200 -100 100 200 300 
11 [km] 



Figure 2: (2) Pallas 



3Juno 1979/12/11 




3 Juno 2000/05/24 


= 35° 


^ 














Is 





-150 -100 -50 50 100 150 
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Figure 3: (3) Juno 
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Figure 4: (5) Astraea. The solid contour corresponds to the model with the pole direction (126°, 40°), the dotted one to the pole (310°, 44° 
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Figure 5: (6) Hebe. 




8 Flora 2004/10/29 
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Figure 7; (8) Flora. The solid contour corresponds to the pole (335°, —5°), the dotted one to (155°, 6°). 
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Figure 8: (9) Metis. 
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Figure 9: (10) Hygiea. The solid contour corresponds to the pole (122°, -44°), the dotted one to (312°, -42°). 
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Figure 10: (16) Psyche. The soUd contour corresponds to the pole (33°, -7°), the dotted one to (213°, 1°). 
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17 Thetis 2007/04/21 
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Figure 11: (17) Thetis. The solid contour corresponds to the pole (236°, 20°), the dotted one to (55°, 10°). 
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Figure 12: (22) Kalliope. 



28 Bellona 2002/05/05 
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Figure 13: (28) Bellona. The solid contour corresponds to the pole (282°, 6°), the dotted one to (102°, -8°). 
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34 Circe 2004/02/10 
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Figure 14: (34) Circe. The solid profile corresponds to the pole (94°, 35°), the dotted one to (275°, 51°). 
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Figure 15: (39) Laetitia. 
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Figure 16: (41) Daphne. 



23 




54 Alexandra 2005/05/17 
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Figure 18: (54) Alexandra. The solid profile corresponds to the pole (318°, 23°), the dotted one to (156°, 13°). 
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Figure 19: (55) Pandora. 
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63Ausonia 2000/12/22 
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Figure 20: (63) Ausonia. The solid profile corresponds to the pole (120°, -15°), the dotted one to (305°, -21°). 
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Figure 21: (64) Angelina. The solid profile corresponds to the pole (137°, 14°), the dotted one to (317°, 17°). 
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Figure 22: (68) Leto. The solid profile corresponds to the pole (103°, 43°), the dotted one to (209°, 23°). 
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80 Sappho 2010/06/04 
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Figure 23: (80) Sappho. The solid profile corresponds to the pole (194°, -26°), the dotted one to (6°, -16°). 
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Figure 24: (85) lo. 
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Figure 26: (89) Julia 
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Figure 27: (95) Arethusa. 
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Figure 28: (107) Camilla. 
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Figure 29: (129) Antigone. 
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Figure 30: (130) Elektra. 
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Figure 31: (152) Atala. The solid profile corresponds to the pole (347°, 47°), the dotted one to (199°, 62°). 
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158Koronis 2005/12/13 
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Figure 32: (158) Koronis. The solid profile corresponds to the pole (30°, -64°), the dotted one to (225°, -' 
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Figure 33: (165) Loreley. The solid profile corresponds to the pole (174°, 29°), the dotted one to (348°, 42° 
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Figure 34: (167) Urda. The solid profile corresponds to the pole (249°, -68°), the dotted one to (107°, -69 
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208 Lacrimosa 2003/12/31 
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Figure 35: (208) Lax;rimosa. The solid profile corresponds to the pole (176°, —68°), the dotted one to (20°, — ' 
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Figure 36: (278) Adelheid. The solid profile corresponds to the pole (9°, -4°), the dotted one to (199°, -20° 



302 Clarissa 2004/06/24 




-30 



-40 -30 -20 -10 10 20 30 

1 [km] 

Figure 37: (302) Clarissa. The solid profile corresponds to the pole (28°, -72°), the dotted one to (190°, -72 
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306 Unitas 2004/07/06 
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471 Papagena 1987/01/24 
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Figure 41: (471) Papagena. The solid profile corresponds to the pole (223°, 67°), the dotted one to (22°, 18°). 
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Figure 43: (849) Ara. The sohd profile corresponds to the pole (223°, -40°), the dotted one to (10°, -25°). 
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Figure 44: (925) Alphonsina. The soUd profile corresponds to the pole (294°, 41°), the dotted one to (148°, 25°). 
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Figure 45: (1263) Varsavia. The solid profile corresponds to the pole (341°, -14°), the dotted one to (172°, -1°). 
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